Objective: Chronic administration of GH secretagogues (GHSs) induces a state of positive energy balance in rodents by a GH-independent mechanism. Here we sought to determine to what extent the GHS effects to increase food intake and increase fat accumulation are glucocorticoid-dependent. Design: The effects of twice-daily s.c. injections of GH-releasing peptide-6 (GHRP-6) (250 mg/kg) for 2 weeks on body weight, food intake and fat pad weight were determined in both adrenalectomised (ADX) rats (with or without basal corticosterone replacement) and adrenal-intact rats. Results: All GHS-injected rats had a significantly increased body weight at the end of 2 weeks of treatment compared with saline controls. However, increased fat accumulation was only seen in adrenalintact rats, with a 15% increase in s.c. inguinal (P , 0.05 vs saline controls) and 20% increase in visceral mesenteric (P , 0.05) fat pad weights following GHS treatment. The increased body weight observed in ADX rats following GHS treatment was not due to increased fat mass or increased weight of other organs measured. Food intake was increased for up to 7 h following a single injection of GHRP-6 in both the adrenal-intact (P , 0.01) and corticosterone-replacement groups (P , 0.05). This stimulating effect on food intake was not observed at any time point in the ADX rats without corticosterone replacement. Conclusion: These data suggest that GHS-induced body weight gain is glucocorticoid-independent. However, basal levels of glucocorticoids are permissive for the GHS-induced increase in food intake whilst activation of the hypothalamo -pituitary-adrenal axis appears to contribute to the GHSinduced accumulation of fat mass.
Introduction
The growth hormone (GH) secretagogues (GHSs) were initially identified and developed as a consequence of their potent GH-releasing activity (1) . Although the first GHS was identified in the early 1980, the fataccumulating effects of these compounds have only recently become apparent, perhaps due to the fact that GHS-induced GH secretion was anticipated to induce lipolysis. Paradoxically, chronic treatment with GHS or ghrelin, the first identified endogenous ligand for the cloned GHS receptor (2) , to rodents results in a positive energy balance by increasing appetite and fat accumulation (3, 4) . This effect to increase fat mass is clearly GH-independent as fat accumulation persists in GH-deficient (lit/lit) mice given chronic GHS (3) or ghrelin treatment (4) . More recently, a role for ghrelin in promoting a positive energy balance in humans has been suggested. This includes the demonstration of a preprandial rise and postprandial fall in circulating ghrelin levels (5, 6) .
Several mechanisms may contribute to the increased fat accumulation induced by chronic GHS/ghrelin treatment. These include an increase in food intake (7 -10) , a decrease in energy expenditure (9) and altered nutrient utilisation with an increase in carbohydrate utilisation rather than fat, thus encouraging fat storage (4) . Here we explored the possibility that activation of the hypothalamo -pituitary -adrenal (HPA) axis by GHSs (11, 12) contributes to their fataccumulating effect. The HPA axis has a critical role in the regulation of energy balance. An increased appetite is associated with glucocorticoid excess (13) or glucocorticoid administration to normal volunteers (14) . Conversely, removal of glucocorticoids by adrenalectomy (ADX) reduces hyperphagia and body weight in several animal models of obesity including ob/ob mice (15) and fa/fa rats (16), ventromedial nucleus lesion-induced obesity (17) , and also prevents obesity induced by chronic central neuropeptide Y (NPY) infusion in normal rats (18) . Since peripheral glucocorticoid replacement in these ADX animal models reverses the effects of ADX in a dose-dependent manner (19 -21) , this suggests that the presence of glucocorticoids is a prerequisite for full development of many models of obesity.
In the present study we sought to determine whether the effects of GHS administration to increase fat accumulation and/or to increase food intake persist in ADX rats, with or without glucocorticoid replacement.
Materials and methods

Animals and surgery
Adult female Wistar rats (180 -220 g body weight) were obtained from Charles River Ltd, Kent, UK. Animals were housed in a temperature-controlled environment (21 -22 8C) on a light -darkness schedule with lights on from 0700 to 1900 h. Before experimental procedures were undertaken, all animals were housed in groups of four for at least 1 week following arrival at the Animal Unit. All animals were given free access to rat chow (RM-1; Special Diets Services, Essex, UK) and water unless otherwise stated. All experiments were performed in accordance with the UK Scientific Procedures Act (1986).
Bilateral ADX was performed under tribromoethanol/amyl hydrate anaesthesia (Avertin, 1 ml/100 g body weight, i.p.). Through a dorsal midline incision, small incisions were made through the muscle layer below the rib cage on each flank. Adrenal glands from both sides were isolated by blunt dissection and removed in their capsules. Following ADX, rats were provided with 0.9% saline in place of water to maintain electrolyte balance. For half the ADX rats, the saline was supplemented with corticosterone (25 mg/l) (SigmaAldrich) calculated to give a basal level of plasma corticosterone (22) . Corticosterone replacement was given in the drink as this method has been shown to mimic the normal circadian pattern of glucocorticoid secretion (23) .
ADX rats were fed freely and were healthy in appearance and behaviour. The controls for the experiment did not include a sham-operated group due to restrictions associated with the licence for animal experimentation (Home Office, UK). Following surgery, rats were allowed to recover and were handled daily for 1 week. Completeness of ADX was verified by checking for residual adrenal tissue at post-mortem and by measuring plasma corticosterone levels on samples obtained from rats at the end of the study.
Two weeks of GHRP-6 treatment
Rats were divided into six groups: Intact Saline (n ¼ 6), Intact GHS (n ¼ 6), ADX Saline (n ¼ 6), ADX GHS (n ¼ 5), ADX-CORT Saline (n ¼ 6) and ADX-CORT GHS (n ¼ 7). For GHS treatment, rats were injected s.c. twice daily with GHRP-6 (2 £ 250 mg/kg body weight) (Bachem, Merseyside, UK). Saline-treated rats received an equal volume (0.2 ml) of saline vehicle. Morning injections were performed between 0900 and 1000 h daily and afternoon injections between 1600 and 1700 h. For acute food intake measurement, on day 1, following both morning and the afternoon injections, rats were returned to their cages with free access to a pre-weighed amount of food. Food intake was measured at 1, 4 and 7 h after each injection. During the 2 week treatment period, daily body weight and food intake were measured in the morning within 1 h of the same time each day. Food intake was measured as the change in weight, to the nearest 0.1 g, of a pre-weighed amount of chow pellets placed in the food holder.
Rats were killed by an overdose of 120 mg/kg body weight i.p. sodium pentobarbitone (Sagatal; Rhône Mérieux, Harlow, Essex, UK). Subcutaneous and visceral fat pads (i.e. mesenteric, retroperitoneal and parametrial) were dissected bilaterally where appropriate. The brain, heart, liver, and kidneys were also dissected. All tissues were weighed separately and expressed as per cent of body weight.
Plasma corticosterone was measured from blood collected by cardiac puncture at the time of sacrifice. It was analysed using an 125 I RIA Kit (ImmunChem Double Antibody; ICN Biomedicals, Inc., Costa Mesa, CA, USA). All samples were assayed in duplicate and the detection limits of the assay were 25 -1000 ng/ml.
Statistical analysis
Descriptive statistical results are shown as meansŜ .E.M. Means were compared by two-way ANOVA followed by Tukey's pairwise multiple comparison procedure using SigmaStat statistical software.
Results
Plasma corticosterone
ADX reduced the plasma concentration of corticosterone to a value below the limit of detection of the assay, whereas levels in intact rats were 348.1^45.0 ng/ml. Supplementation of the drinking water of ADX rats with corticosterone resulted in plasma corticosterone levels of 182.9^32.8 ng/ml, which was , 60% of that seen in intact rats. GHS treatment did not alter corticosterone levels in any group (Intact, ADX or ADX-CORT) when compared with saline-injected controls.
Body weight
At the time of ADX the mean weight of rats was identical for all six groups of rats, averaging 213^3 g. Following surgery, the ADX-CORT group appeared to recover better than the ADX group; regardless of the difference in body weight at day 0 of treatment, twice-daily GHRP-6 injection caused a significant increase in body weight gain compared with saline-treated rats in all groups ( Fig. 1A and B) .
Body fat
In ADX rats without corticosterone replacement, inguinal, retroperitoneal and parametrial fat pads weights were reduced compared with intact rats (P , 0.01; Table 1 , Fig. 2 ). The ADX-CORT group showed a similar but less pronounced reduction in fat pad weight, consistent with corticosterone's fat-accumulating effects. Following 2 weeks of twice-daily injections of GHRP-6 to adrenal-intact rats, subcutaneous inguinal fat was increased by 15% and mesenteric fat increased by 20% (Table 1, Fig. 2 ). It is noteworthy that these GHSinduced fat-accumulating effects in rats are not as marked as those observed previously in mice (3). Nonetheless, the fat-accumulating effect of GHRP-6 observed in the inguinal and mesenteric fat pads of the adrenalintact rats was not observed in the ADX groups, with or without corticosterone replacement (Table 1, Fig. 2) .
Organ weight measurement demonstrated that the increased body weight following chronic exposure to GHS does not appear to be due to a disproportionate increase in the weight of any of the dissected organs (brain, heart, liver, kidney; data not shown).
Food intake
A single s.c. injection of GHRP-6 stimulated food intake in the adrenal-intact rats at 1, 4 and 7 h in the light photoperiod (Fig. 3A) . A similar pattern was also observed in the ADX groups with corticosterone replacement, although the trend only reaches significance at the seventh hour after injection. The acute stimulating effect of GHRP-6 on appetite was not observed at any time point in the ADX rats. For the afternoon injection (Fig. 3B ), 1 h food intake was only significantly increased in the adrenal-intact group. This appetiteinducing effect of peripheral GHRP-6 was lost on entering the dark photoperiod, as the 4 h food intake (which was measured 1 h into the dark cycle) was not significantly different between GHRP-6 treatment and the saline-control groups. Thus, average daily food intake was not different between GHRP-6 and saline treatment (Fig. 4) .
Discussion
The present study sought to determine to what extent GHS-induced food intake and fat accumulation are mediated by or dependent upon glucocorticoids. The first indication that this might be the case came from studies showing that hypophysectomised rats, or indeed ADX rats, do not increase food intake or fat accumulation in response to 1 week of GHRP-2 treatment (24). Here we extended these observations to include ADX rats with basal corticosterone replacement for 2 weeks, such that the degree of glucocorticoid-dependence of the effects may become apparent.
We show that ADX rats with basal corticosterone replacement have a GHRP-6-induced feeding response that is similar to adrenal-intact rats. This is in contrast to ADX rats without corticosterone replacement, in which the positive effects of GHRP-6 on acute food intake were not evident. Thus, glucocorticoids appear to be permissive for the short-term effect of GHS to increase food intake. A slightly different picture emerges for the role of glucocorticoids in the fataccumulating effects of GHS. The GHRP-6-induced Figure 1 Body weight change (means^S.E.M.) following twicedaily subcutaneous injection of GHRP-6 (500 mg/kg body weight/ day for 2 weeks) or saline vehicle to adrenal-intact (Intact), adrenalectomised (ADX) or adrenalectomised rats with a basal level of corticosterone replacement (ADX-CORT). Data are expressed as (A) daily weight gain normalised to day 0 of treatment and (B) total weight gain at the end of the study as per cent change from day 0 of treatment. *P , 0.05, **P , 0.01 denote significance compared with the saline-treated control rats using ANOVA followed by Tukey's post-hoc test. The numbers in parentheses indicate the number of rats in each experimental group. increase in fat pad weight observed in intact rats was abolished in ADX rats, with or without basal corticosterone replacement. This would suggest that GHSinduced fat accumulation is, at least in part, dependent on increased levels of glucocorticoids.
The effects of ADX with and without glucocorticoid replacement on GHS-induced fat accumulation was determined by fat pad dissection. There were similar trends in fat pad weight for the visceral (retroperitoneal and parametrial) fat pad depots and for the subcutaneous inguinal depots, suggesting that these measurements provide a good representation of overall changes in fat accumulation. As the fat-accumulating effect of GHS was abolished by ADX, with or without basal glucocorticoid replacement, it was surprising to Table 1 Relative weights (means^S.E.M.) of dissected fat pads (expressed as per cent of body weight) following twice-daily s.c. injection of GHRP-6 (500 mg/kg body weight/day for 2 weeks) or saline vehicle to adrenal-intact (Intact), adrenalectomised (ADX) or adrenalectomised rats with a basal level of corticosterone replacement (ADX-CORT). For each rat inguinal, mesenteric, retroperitoneal and parametrial fat pads were removed bilaterally and weighed separately. Total fat pad data gives the pooled data from all dissected fat pads. *P , 0.05, **P , 0.01, ***P , 0.001, significant differences between pairwise groups using two-way ANOVA followed by Tukey's post-hoc test. Figure 3 Cumulative food intake (means^S.E.M.) following a single s.c. injection of GHRP-6 (250 mg/kg body weight) or saline vehicle to adrenal-intact (Intact), adrenalectomised (ADX) or adrenalectomised rats with basal level of corticosterone replacement (ADX-CORT). Food intake was measured on day 1 of the experiment following both (A) morning (between 0900 and 1000 h) and the (B) afternoon (between 1600 and 1700 h) injections of either saline or GHRP-6. Cumulative food intake was measured at during the first 1 h (0-1 h), during the first 4 h (0-4 h) and during the first 7 h (0-7 h) following the morning injection and at 0 -1 and 0 -4 h following the afternoon injection. *P , 0.05, **P , 0.01 denote significance after comparisons of GHRP-6-vs saline-treated rats, following ANOVA and Tukey's post-hoc test. The numbers in parentheses indicate the number of rats in each experimental group. Figure 2 Relative weights (means^S.E.M.) of dissected fat pads (as per cent body weight) following twice-daily s.c. injection of GHRP-6 (500 mg/kg body weight/day for 2 weeks) or saline vehicle to adrenal-intact (Intact), adrenalectomised (ADX) or adrenalectomised rats with a basal level of corticosterone replacement (ADX-CORT). Significant differences between pairwise groups are denoted as *P , 0.05, **P , 0.01, ***P , 0.001 0.001following ANOVA and Tukey's post-hoc test. The numbers in parentheses indicate the number of rats in each experimental group.
Inguinal
discover that ADX did not block the ability of GHS to increase body weight. Thus, total body weight gain induced by GHS appears to be glucocorticoid-independent. The mismatch between the GHS effects on body weight gain and fat accumulation in these ADX rats provides an indication that there is a fat-free component to the weight gain induced by GHS. This could reflect a GH-dependent stimulatory effect on bone and/or lean body mass (25) . In the present study, the acute effects of GHRP-6 on food intake were observed in adrenal-intact rats, and this orexigenic effect was significant up to 7 h following a single peripheral injection administered during the morning, a time when the animals are normally satiated. This feeding response was less pronounced following the afternoon injection as it was only significant at 1 h after injection. By 4 h after the afternoon injection (corresponding to 2000 -2100 h), the animals had entered the dark phase, a time when all rats increase their food intake. Thus, GHS/ghrelin-induced feeding appears to be influenced by the onset of the dark phase and may be masked at this time point by other feeding drives during normal nocturnal/hunger-induced food intake. This altered responsiveness to GHS between morning and afternoon injection may reflect changes in endogenous ghrelin secretion. In humans, for example, plasma ghrelin is highest preprandially in association with periods of hunger and are lower in the satiated state (5). Alternatively, it is possible that differences in responsiveness to exogenous GHS between morning and afternoon injections is dependent upon other satiety/hunger factors, such as leptin (26, 27) , insulin (27) or even other endocrine signals that have a diurnal rhythm such as corticosterone (28) .
Collectively, our data suggest that adrenal glucocorticoids are required (via a permissive mechanism) to allow ghrelin-induced food intake whilst ghrelin's adipogenic effects appear to be glucocorticoid-independent. This would suggest that ghrelin-induced fat accumulation is not dependent upon on its orexigenic effects but may rather reflect changes in energy expenditure (9) , altered nutrient utilisation (4) and perhaps altered thermogenesis. Consistent with this hypothesis, ghrelin's effects to elicit a positive energy balance are thought to be independent of the orexigenic NPY, as demonstrated by the normal GHS effects on food intake in NPY knockout mice (4). Nevertheless, it seems likely that the stimulation of adrenal glucocorticoids is important for ghrelin's permissive effect on food intake, but this action is mediated by direct interaction with hypothalamic circuit sensitive to control of energy balance, such as the arcuate Agrp-containing neurons. Evidence supporting this include the study demonstrated that Agrp antibody or antagonist treatment in rats abolished the ghrelin stimulated increase in food intake (29) .
The hypothalamic circuitry through which GHS/ghrelin operate to activate the HPA axis has not yet been fully clarified. The cloned GHS receptor 1A is present in the hypothalamic paraventricular nucleus (PVN) (30, 31) where the corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP) neurons that regulate corticosterone release are localised (32) . Since ghrelin stimulated the release of both CRH and AVP from hypothalamic explants (33) , it is possible that GHS activates these neurons directly to mediate the effects on the HPA axis. Co-administration of GHS together with AVP but not CRH produced an additive effect on corticosterone release, suggesting that GHS stimulate the HPA axis via an AVP-independent but CRH-dependent route (34) . Consistent with this, ghrelin nerve terminals appear to have close synaptic contacts with CRH neurons in this region of the hypothalamus (35) . On the other hand, glucocorticoids also appear to mediate at least some of their actions through the central NPY system (36) . Since the interconnection of NPY neurons of the arcuate nucleus with the CRH and AVP of the PVN is well characterised (37) , the activation of the HPA axis by GHS could be indirectly through the action of arcuate NPY-containing neurons.
Although well established that GHSs activate the HPA axis, reflected by acute adrenocorticotrophic hormone/corticosterone measurements following single GHS injections (38) , to the best of our knowledge there are no studies showing elevated glucocorticoids following chronic GHS exposure. Indeed, in contrast to the findings reported after acute GHS administration, one clinical study demonstrates a decrease in serum cortisol after 16 weeks of GHS treatment (39) . Although a tendency to reduced plasma corticosterone was also observed in this study following GHS treatment in the adrenal-intact rat, we did not detect any changes in plasma corticosterone levels following GHS treatment. This probably reflects the fact that plasma Figure 4 Food intake (means^S.E.M.) following twice-daily s.c. injection of GHRP-6 (500 mg/kg body weight/day for 2 weeks) or saline vehicle to adrenal-intact (Intact), adrenalectomised (ADX) or adrenalectomised rats with a basal level of corticosterone replacement (ADX-CORT). No significant differences were observed following GHRP-6 injection compared with saline-treated control rats (ANOVA followed by pairwise multiple comparisons Tukey's test). The numbers in parentheses indicate the number of rats in each experimental group.
corticosterone concentration was measured in a single sample of trunk blood taken at the end of 2 weeks of exposure to GHS, and on the day of killing rats were not injected with GHRP-6.
Thus, the mechanisms underlying the GHS/ghrelininduced fat accumulation may not yet be fully determined but are clearly multi-faceted and include both acute effects on food intake (7 -10) and respiratory quotient (4) . It now seems clear also that the fat-accumulating effects of GHS are glucocorticoiddependent.
